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Abstract
The ability to tune pore structures of gas-blown polyurethane shape memory
polymer (SMP) foams easily and safely could improve their outcomes as hemostatic
dressings or tissue engineering scaffolds and overall commercialization efforts.
Incorporating physical blowing agents into the polymer mix can be used to tune pore
size and interconnectivity without altering foam chemistry. Enovate (HFC-254fa) is a
commonly used physical blowing agent in gas-blown foams, but the Environmental
Protection Agency (EPA) considers its use unacceptable because it is a
hydrofluorocarbon that contributes to global warming. Here, off-the-shelf solvents
accepted for use by the EPA, acetone, dimethyoxymethane (methylal), and methyl
formate, were used as physical blowing agents by adding small volumes during foam
fabrication. Increasing the physical blowing agent volume resulted in greater pore
interconnectivity while maintaining SMP foam chemical and thermal properties. Pore
size and interconnectivity also impacted cell and blood interactions with the foams. This
work provides a safe and easy method for tuning SMP foam interconnectivity to aid in
future commercialization efforts in a range of potential biomedical applications.
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1. Introduction*
1.1 Shape Memory Polymer Foams
Polyurethane (PU) shape memory polymer (SMP) foams are widely used in the
biomedical field because of their biocompatibility, low density, tunable degradability,
tunable mechanical properties, and shape filling capacity.[1]–[3] SMPs are “smart”
materials with the capability of switching between a primary and secondary shape when
exposed to an external stimulus (e.g., heat, light, magnetism, or pH) due to their
thermomechanical memory.[4], [5] A thermally-activated SMP foam can be heated in its
primary, expanded and open-porous shape above its glass transition temperature (Tg),
then compressed and fixed into a low-profile secondary shape upon cooling. Once
exposed to heat again, the SMP foam will expand and return to its recovered, primary
shape.[6] This shape memory behavior is advantageous for storing the foams in a lowprofile conformation, implanting them into the body, and changing into their expanded
conformation to fill a treatment site when heated to body temperature. SMP foams have
been pursued for use in a range of embolic applications, including aneurysm treatment
and peripheral vascular disease.[7], [8] Current work focuses on their use for
hemorrhage control in traumatic wounds (Figure 1).[9]

* "This is the peer reviewed version of the following article: Petryk, NM, Haas, G, Vakil, AU, Monroe, MBB. Shape memory polymer
foams with tunable interconnectivity using off-the-shelf foaming components. J Biomed Mater Res. 2022; 1- 13.
doi:10.1002/jbm.a.37383, which has been published in final form at https://onlinelibrary.wiley.com/doi/full/10.1002/jbm.a.37383.
This article may be used for non-commercial purposes in accordance with Wiley Terms and Conditions for Use of Self-Archived
Versions. This article may not be enhanced, enriched or otherwise transformed into a derivative work, without express permission
from Wiley or by statutory rights under applicable legislation. Copyright notices must not be removed, obscured or modified. The
article must be linked to Wiley’s version of record on Wiley Online Library and any embedding, framing or otherwise making
available the article or pages thereof by third parties from platforms, services and websites other than Wiley Online Library must be
prohibited."
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Figure 1. Application of SMP foams for improved hemostasis in traumatic wounds.
1.2 Clinical Need and Current Solutions
Roughly 1.5 million deaths occur each year from uncontrolled hemorrhage, the
leading cause of potentially preventable death on the battlefield.[10] Close to 20% of
these deaths happen before the patient reaches a hospital, with the majority occurring
within the first hour of hemorrhage.[11] Current treatment options, including gauze and
tourniquets, are ineffective for up to 80% of wounds; they do not address noncompressible hemorrhages; and they can result in tissue damage, rebleeding, or
potential loss of limbs.[12] XStat® has emerged as an alternative option with increased
clotting efficacy, but it is only approved for use up to four hours and takes up to a 22fold increase in time to remove compared to gauze.[13] SMP foams are space filling,
biocompatible, and can induce rapid, localized clotting. Compared to QuikClot® combat
gauze and XStat®, SMP foams demonstrated faster hemostasis resulting in significantly
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higher survival rates and times in a porcine grade V liver injury.[9] Degradable SMP
foams have also been synthesized that could be employed post-surgically for
regenerative medicine approaches to healing traumatic wounds.[14]
1.3 Role of SMP Foam Structure
Although preliminary studies demonstrate effective bleeding control, there is a
lack of a fundamental understanding of how pore-openness in these smart materials
affects bleed stabilization and cell/material interactions. Smaller pores result in a higher
density foam, which could slow down the expansion rate [15] and negatively affect
clotting abilities. A foam with larger pores and more interconnects might be ideal for
treating traumatic wounds and hemorrhage control. These foams should expand quickly
and induce rapid, localized blood clotting.[16], [17] Porous, interconnected 3D
architectures have been shown to improve biocompatibility and biodegradability, enable
tissue and vasculature integration, and/or provide efficient nutrient and waste transport
for cells within the scaffold, which would be important if these foams were utilized as a
template for tissue regeneration during healing.[18]–[21] Size and interconnectivity of
pores can heavily impact tissue function and cell survival, proliferation, and
migration.[22] Similarly, porous foam scaffolds are imperative for angiogenesis in
vascularized tissues, and interconnects can improve new blood vessel ingrowth.[22],
[23] The ability to tune porosity and interconnectivity in these foams could aid in a
deeper understanding of how pore structure plays a role in initiating clotting, cutting off
blood flow, and promoting vascularization to ultimately improve overall wound healing
outcomes.
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1.4 SMP Foam Fabrication
Gas foaming is a common fabrication technique for porous SMP foams in which
polymer viscosity increases during polymerization as bubbles grow from a separate
gaseous phase, resulting in solid polymeric material with pores that result from trapped
gas bubbles.[24] Gas-blown foaming is favorable because it does not require organic
solvents to solubilize monomers during polymerization or scaffold fabrication, which
would require removal from the final product [25], [26], a common limitation of
particulate leaching and emulsion/freeze-drying. Additionally, extreme temperatures are
not required such as those employed with thermally induced phase separation. Foaming
can occur using a chemical or physical blowing agent,[26] and it is achievable in largescale batch sizes.[27], [28] One limitation of gas foaming is that it generally results in
closed-cell pores and requires additional modification to introduce interconnectivity.
1.5 Tuning Pore Structure
Tunable foam porosity and interconnectivity are necessary for broad biomedical
application of SMP foams as effective hemostats and regenerative tissue engineering
scaffolds, and the ease of tuning said characteristics would make production and
commercialization more feasible. A current method for tuning interconnectivity is
reticulation, which removes the membranes between adjacent pores to improve blood
permeability and cellular infiltration. Mechanical reticulation uses a custom floating pin
array that must be built in-house and that inherently limits overall foam geometries that
can fit within the system. The mechanical integrity of the resulting foam is also
compromised in this process.[29] Plasma reticulation has been explored as an
alternative, but this process is limited to the foam surface and cannot reach deep within
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the pores.[30] Microfluidic-mediated production of foams is another alternative that
allows for precision control and uniform pore size, but interconnectivity is limited and
production rate of microfluidic foaming poses a challenge.[31], [32] Porogen leaching is
an easy, commonly used method to improve interconnectivity as well, but the resulting
porous structure is typically less organized and non-uniform.[33] An ideal system allows
for tuning pores during synthesis without post-processing.

The main mechanisms currently employed to control pore size during gas
foaming are to alter premix viscosity and/or utilize a chemical or physical blowing agent.
Premix viscosity alterations are less reliable and slow to tune since any adjustments to
the premix would need to be made 48 hours prior to foaming; thus, blowing agents
present a relatively simple method for pore control. Water is a commonly employed
chemical blowing agent that reacts with isocyanates to form bubbles upon the release of
carbon dioxide (CO2). However, changing chemical blowing agent quantity alters foam
chemistry, limiting the ability to tune pores while maintaining thermal and mechanical
properties. Physical blowing agents are inert and do not react with any foam
components; they work by boiling off during foaming to form bubbles. These bubbles
push through the pores formed by the CO2 byproduct of the water/isocyanate reaction,
providing interconnects between pores without affecting the synthesis reaction.[26]
Chloroflurocarbons (CFCs) and hydrofluorocarbons (HFCs) have been previously used
as physical blowing agents in PU foams, but both are known to destroy the ozone
layer.[34], [35] For example, Enovate (HFC-254fa) is a physical blowing agent
commonly used in PU SMP foam synthesis.[36] However, its commercial use is risky,
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because it is only available from a single supplier; additionally, the Environmental
Protection Agency (EPA) considers its use unacceptable due to its potential to
contribute to global warming.[35] As the medical device industry grows, so will the
concern around its possible negative impact on the environment. Eco-friendly
fabrication of biomaterials is important for the future of the industry and the wellbeing of
the earth.
Overview
This work explores the ability to tune SMP foam interconnectivity with
commercially available physical blowing agents recommended for use by the EPA in
their Significant New Alternatives Policy (SNAP) Program.[37] Three physical blowing
agents with varied boiling points (acetone: 56°C, dimethoxymethane (methylal): 42°C,
and methyl formate: 32°C) were selected based on EPA guidance, with the expectation
that a lower boiling point solvent would boil faster during foaming, resulting in smaller
pores. Increased solvent volume should also increase overall interconnectivity of the
foam; thus, blowing agent amounts were varied in foams. The effects of the selected
blowing agents were studied in PU SMPs synthesized with two different isocyanates
(hexamethylene diisocyanate (HDI) and 2,2,4-trimethylhexamethylene diisocyanate
(TMHDI)) to evaluate the broad applicability of each blowing agent across PU
systems.[38] Foams were characterized in terms of thermal, mechanical, and shape
memory properties, as well as cell and blood interactions. These off-the-shelf physical
blowing agents could provide a simple option for tuning gas-blown foam pore size and
interconnectivity to aid in future commercialization efforts of SMP foams as hemostatic
dressings and regenerative tissue engineering scaffolds.
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2. Methods
2.1 Materials
N,N,N’,N’-tetrakis-(2-hydroxypropyl)-ethylene diamine (HPED), triethanolamine
(TEA), hexamethylene diisocyante (HDI), 2,2,4-trimethylhexamethylene diisocyanate
(TMHDI), acetone, dimethoxymethane (methylal), methyl formate, and ethanol (reagent
alcohol) were purchased and used as received from Fisher Scientific (Waltham, MA).
Catalysts T-131 and BL-22 and surfactant (EPH-190) were provided by Evonik
Corporation (Essen, Germany). Phosphate buffered saline (PBS), Dulbecco’s modified
Eagle’s medium (DMEM), penicillin-streptomycin (P/S), and fetal bovine serum (FBS)
were purchased from Thermo Fisher Scientific (Waltham, MA) and used as received.
Porcine blood was purchased from Lampire Biological Laboratories (Pipersville, PA)
and glutaraldehyde was purchased from Electron Microscopy Sciences (Hatfield, PA).
2.2 Foam Synthesis
Twenty-four-gram PU SMP foams were made in a two-part process (overall
reaction scheme shown in Figure 2). First, an isocyanate (NCO) pre-polymer mix was
prepared inside a humidity-controlled glove box with 0.35 hydroxyl (OH) molar
equivalents (HPED and TEA) and 1 NCO molar equivalent (HDI or TMHDI). The prepolymer mix was then mixed for 30 s at 3500 rpm via a high-speed mixer (Flacktek,
Landrum, SC) and reacted in an oven at 50°C for 48 hours. After 48 hours the premix
was removed from the oven and allowed to come to room temperature before adding
surfactant (EPH-190) and again mixing at 3500 rpm for 30 s. The remaining 0.65 molar
equivalents of OH were combined with deionized (DI) water and catalysts (T-131 and
BL-22) in a separate container and mixed at 3500 rpm for 30 s. The OH mix (8 g) and
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NCO premix (16 g) were then combined with a physical blowing agent (acetone,
methylal, or methyl formate) in varying quantities (1 mL, 2 mL, or 3 mL) and mixed for 5
seconds at 1800 rpm. The mixture was quickly poured into a 400 mL cylindrical mold
(allowing for foaming/blowing to occur in the upward direction), mixed with a spatula,
and set to foam in a 50°C oven for 10 minutes. All foams were removed from the oven,
cooled to room temperature, and then removed from the mold and cut using biopsy
punches or a wire cutter as outlined below for each specific experiment. Before all
analysis, samples were cleaned in DI water and 70% ethanol and then dried under
vacuum at -30 in Hg for 24 hours. The weight percent (wt%) of each reactive
component in the synthesized foams is summarized in Table 1, with a summary of the
physical blowing agent volumes used for synthesis shown in Table 2.

Figure 2. Reaction scheme of polyurethane (PU) synthesis from the reaction between
diisocyanates and polyols (hydroxyls).

Table 1. Synthesized foam compositions of the control foam reactive components.
Sample
ID

HDI
(wt%)

TMHDI
(wt%)

HPED
(wt%)

TEA
(wt%)

T-131
(wt%)

BL-22
(wt%)

8.05

EPH190
(wt%)
6.44

0.46

1.01

DI
water
(wt%)
2.37

HDI
Control
TMHDI
Control

54.03

--

27.61

--

59.11

23.13

7.75

6.44

0.46

1.01

2.07
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Table 2. Synthesized foam formulations with varying diisocyanates and physical
blowing agent content.
Physical Blowing Agent
methyl formate
methylal
acetone
Diisocyanate
B.P. = 31.8 °C
0 mL (Control)
1 mL
2 mL
3 mL
0 mL (Control)
2 mL

hexamethylene
diisocyanate (HDI)

2,2,4trimethylhexamethylene
diisocyanate (TMHDI)
CH3

O

C

N

CH3
C

H3C

B.P. = 42 °C
0 mL (Control)
1 mL
2 mL
3 mL
0 mL (Control)
2 mL

B.P. = 56 °C
0 mL (Control)
1 mL
2 mL
3 mL
0 mL (Control)
2 mL

O

N

2.3 Structural Properties
2.3.1 Foam Pore Analysis
Approximately 1 cm2 foam slices were cut from the top, middle, and bottom of each
foam parallel and perpendicular to the foam rise direction (n=6 per foam formulation)
using a wire cutter. Each sample was coated with gold for 45 s using a Denton high
vacuum sputter coater. Pore morphology was characterized using JEOL JSM 5600
scanning electron microscope (SEM) under 10kV high vacuum at 35X magnification.
SEM images were analyzed via ImageJ to quantify pore size (average determined from
six pores per image, six images per sample). GNU Image Manipulation Program
(GIMP) was used to quantify percent interconnectivity by measuring pixel area of
interconnects compared to total image pixel area, and calculated as:

Interconnectivity =

pixel area !"#$%&'""$&#(
× 100%
pixel area !*+,$
9

2.3.2 Density
Cylindrical foam samples (n=3, ~1 cm length, 8 mm diameter) were prepared using
a biopsy punch and weighed. Length and diameter measurements were taken using
digital calipers and used to calculate dry density (mass/volume). Samples were then
heated to above their Tg (70°C) for 15 minutes to soften, manually crimped under a
constant load using a radial compression crimper (Blockwise Engineering, Tempe, AZ)
to ~20% of their initial volume and cooled to room temperature before removing from
the crimper to fix the foams in their secondary shape. Length and diameter of the
crimped samples were measured using calipers to determine crimped foam density.
The crimped samples were placed in a DI water bath set at 37°C and allowed to expand
for 10 minutes. The final expanded length and diameter were measured and used to
determine density of the expanded foams using their dry weight.

2.4 Thermal Analysis
A Q200 differential scanning calorimeter (DSC, TA instruments, New Castle, DE)
was used to measure the dry glass transition temperature (Tg) of 3-5 mg samples (n=3)
packed into T-zero aluminum pans. The samples were equilibrated at -40°C, heated to
120°C at 10°C/min, held isothermally for 2 minutes, cooled to -40°C at 10°C/min, then
heated to 120°C at 10°C/min. The half-height transition of the inflection point in the
second heating cycle was used to determine the dry Tg. The wet Tg was measured by
first submerging 3-5 mg samples (n=3) in DI water at 50°C for 10 min to plasticize. The
samples were gently pressed dry then packed into T-zero aluminum pans fitted with
hermetic lids that were pierced with a needle to allow water to escape during heating.
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DSC was used to equilibrate the samples at -60°C and heated to 80°C at 10°C/min. The
half-height transition of the inflection in the single heating cycle was used to measure
wet Tg.
2.5 Shape Memory Behavior
2.5.1 Volume Recovery
Foam samples (n=3) were cut into 8 mm diameter cylindrical punches
(approximately 1 cm length), and length and diameter were measured with digital
calipers. A 300 µm nitinol wire was threaded axially through the samples, which were
then heated to 70°C for 15 minutes before radial crimping in a compression crimper
(Blockwise Engineering, Tempe, AZ). The samples were held under a constant load in
the crimper until cooled to room temperature. Calipers were used to measure crimped
length and diameter of the foams on the wire. The wire was used to fix the samples to a
metal plate which was submerged in a DI water bath heated to 37°C for 10 minutes to
determine volume recovery (radial expansion of the foams occurred radially along the
direction of crimping). Images were taken every 5 seconds for the duration of the
expansion. The final expanded length and diameter of the foams was measured with
calipers. ImageJ was used to measure changes in length and diameter over the 10
minutes. The expansion profile was plotted as % volume recovery (compared against
initial expanded volume when heated) versus time.

2.5.2 Shape Fixity
Cylindrical foam samples (n=3, ~1 cm length, 8 mm diameter) were crimped and
cooled as described above, but without a wire. After fixing into their secondary shape,
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the foam length and diameters were measured with calipers to determine crimped
volume at 0-hours post crimping. The samples were then placed into 20 mL scintillation
vials and stored in a dry box containing Drierite® (Fisher Scientific, Waltham, MA) for 24
hours. After 24 hours post-crimping, the sample dimensions were measured again.
Shape fixity was determined as a ratio of the sample volume immediately after radially
compression to the sample volume 24 hours after crimping.

2.6 Spectroscopic Analysis
Nicolet i70 Attenuated total reflectance (ATR)-Fourier transform infrared (FTIR)
Spectrometer (Fischer Scientific, Waltham, MA, USA) was utilized to characterize the
surface chemistry of small foam pieces at 4 cm-1 resolution. Spectra of each sample
was generated via OMNIC software (Fischer Scientific, Waltham, MA, USA) as an
average of 16 scans.
2.7 Foam Preparation: Washing
HDI control foam and HDI foams with 1 mL, 2 mL, and 3 mL methyl formate were
further analyzed for cell and blood-material interactions. Prior to all cell and blood
studies, foams were washed in a 20X volume, 4-step process: 1) DI water, sonicated for
15 minutes, 2) 20% Contrad, sonicated 2x15 minutes, 3) DI water, sonicated 4x15
minutes, 4) isoproylalchohol (IPA), sonicated 2x15 minutes. Foams were then dried
under vacuum prior to characterization.
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2.8 Cell Interactions
2.8.1 Cell Culture
NIH/3T3 Swiss mouse fibroblasts (ATCC−CCL92) were cultured using DMEM
(high glucose GlutaMAX) supplemented with 10% heat-inactivated FBS and 1% P/S
(Gibco) at 37°C/5% CO2. A Zeiss Axiovert inverted microscope was utilized to assess
cell morphology and ensure even cell distribution (~100% confluency) in a culture flask
after 3 days of culture prior to any cell studies. After confirming morphology and
confluency, the culture media was removed, and cells were washed with sterile
phosphate-buffered saline (PBS). Cells (passages 6-10) were then seeded in a 24-well
tissue-culture polystyrene plate at 10,000 cells/well.

2.8.2 Cytocompatibility
A Live/Dead® assay (ThermoFisher Scientific) was utilized to confirm cell
survival. Foam punches (6 mm diameter, 1 mm thickness, n = 3) were cleaned and
soaked in PBS for 1 hour and then added to the pre-seeded 24-well plates to incubate
for 24 hours. After 24 hours the foam samples were removed, and the live (Calcein AM,
green) and dead (BOBO-3 Iodide, red) stains were added. A positive (cytocompatible)
control consisted of cells with no foam sample, and a negative (cytotoxic) control
consisted of cells in 70% methanol. The stain was allowed to incubate for 20 minutes at
37°C before cells were imaged (3 images per n=3 samples) under an inverted
fluorescent microscope (3 field views/sample). Cell viability was calculated as:

cell viability (%) =

live cells
× 100%
live cells + dead cells
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2.8.3 Cell Adhesion
Foam punches were made using a 6 mm-diameter punch and cut to ~1 mm
thickness. Clean foam samples were soaked in PBS for 1 hour and then placed into a
96-well plate and soaked in FBS for 24 hours. Then, the FBS was removed and the
samples were seeded with NIH 3T3 cells that have been stably transfected with GFP
(cultured as above) and fresh media (DMEM with 10% FBS and 1% P/S). Samples
were incubated with cells for 24 hours at 37°C. Two positive controls were employed:
wells with seeded cells in media, and FBS-coated wells with seeded cells. An inverted
fluorescent microscope was used to image cell attachment to the foams (3 images per
n=3 samples). GIMP was utilized to quantify cell spreading based on cell pixel area.

2.9 Blood Interactions
Whole porcine blood (Lampire Biological Laboratories, Pipersville, PA)
anticoagulated with Na-citrate was used and stored at 4°C for up to 3 weeks from the
bleed date, according to supplier guidelines.

2.9.1 Coagulation Time
Foam samples (n=4) were prepared and cut to have the same surface area
(32.60 cm2) based on their density and pore size. Samples were placed in 1.5 mL
centrifuge tubes. The blood was mixed with 0.1M calcium chloride to obtain a 0.01M
calcium chloride concentration to reverse the anticoagulant, and then 50 µL of the recalcified blood was immediately added to the samples. Samples were incubated in the
blood at room temperature for 0, 6, 12, and 18 minutes. At the end of each incubation
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time point, 1 mL of DI water was added to each tube for 5 minutes to lyse any free (unclotted) red blood cells. After lysing, the tubes were centrifuged at 2300 rpm for 15
minutes. Then, 200 µL of lysate was collected from each tube and added to a 96-well
polystyrene plate. The amount of hemoglobin released from the lysed red blood cells
were measured by absorbance at 540 nm using a microplate reader (FLx800, BioTek
Instruments, Inc.).

2.9.2 Platelet Imaging
Foam samples ~1 cm3 were incubated in 2 mL anticoagulated blood for one hour
at room temperature. After one hour, the samples were gently rinsed with PBS to
remove non-attached platelets. Samples were then fixed in 1 mL of 2.5%
glutaraldehyde for 24 hours at 4°C. To dehydrate the samples, they were soaked in
increasing concentrations of ethanol (50%, 70%, 95%, and 100%) for 30 minutes each,
then dried overnight in a vacuum oven. SEM micrograph images were taken at 15kV
and 1000X and 5000X magnification to visualize platelet attachment to the foams.

2.10 Statistical Analysis
Data are presented as mean ± standard deviations. Student’s t-Test: TwoSample Assuming Unequal Variances was performed to compare differences between
all formulations and the control. Statistical significance was taken as p < 0.05.
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3. Results
3.1 Structural Properties
3.1.1 Density
Foam densities were measured in both crimped and expanded states to assess
the ability to crimp and maintain a higher density, low-profile shape, and to ensure a low
density (<0.1 g/cm3) foam when expanded. Table 3 summarizes density measurements
of both the HDI and TMHDI foams. All formulations had expanded densities of <0.1
g/cm3. All foams that were synthesized with physical blowing agents had lower
densities than the control foam, except for the 3 mL methylal foam, which was higher.
The densities of the TMHDI foams synthesized with 2 mL of blowing agent were
generally decreased compared to HDI foams synthesized with 2 mL of the same
blowing agent, with acetone being the exception.

Table 3. Crimped and expanded densities (g/cm3) for HDI control foams synthesized
with 1 mL, 2 mL, and 3 mL physical blowing agents, and TMHDI control foams made
with 2 mL physical blowing agent. *p < 0.05 compared to HDI control, **p < 0.05
compared to TMHDI control (n=3).
Diisocyanate

HDI

TMHDI

Blowing Agent
Control (none)
Methyl Formate- 1 mL
Methyl Formate- 2 mL
Methyl Formate- 3 mL
Methylal- 1 mL
Methylal- 2 mL
Methylal- 3 mL
Acetone- 1 mL
Acetone- 2 mL
Acetone- 3 mL
Control (none)
Methyl Formate- 2 mL
Methylal- 2 mL
Acetone- 2 mL

Crimped Density (g/cm3)
0.41 ± 0.03
0.32 ± 0.04
0.34 ± 0.04
0.41 ± 0.05
0.42 ± 0.01 *
0.46 ± 0.09
0.30 ± 0.01 *
0.40 ± 0.02
0.31 ± 0.05
0.43 ± 0.02
0.30 ± 0.45
0.25 ± 0.01
0.39 ± 0.05
0.43 ± 0.03 **

Expanded Density
(g/cm3)
0.06 ± 0.006
0.05 ± 0.004
0.04 ± 0.004 *
0.04 ± 0.005 *
0.05 ± 0.008
0.06 ± 0.006
0.07 ± 0.008 *
0.05 ± 0.005
0.04 ± 0.002 *
0.05 ± 0.014 *
0.04 ± 0.005
0.04 ± 0.002
0.05 ± 0.003
0.05 ± 0.004
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3.1.2 Pore Size
HDI control foams had an average pore size of ~1100 µm. There were no target
pore sizes for foams synthesized with physical blowing agents; however, it was
hypothesized that lower boiling point solvents would decrease pore size relative to
higher boiling point solvents. Foams synthesized with 2 and 3 mL of blowing agents
showed the most significant differences in pore sizes relative to the control (Figure 3a).
In general, increasing the solvent quantity from 1 mL to 3 mL decreased pore sizes for
all three blowing agents (Figure 3b). Adding 2 mL of blowing agent to the TMHDI foams
also generally reduced pore sizes relative to both the TMHDI control and corollary HDI
foams, with the exception of methyl formate (Figure 4a and 4b).

Figure 3. HDI-based foam pore size and morphology. (a) Average pore size (µm) of HDI
control foam and foams synthesized with 1, 2, or 3 mL of methyl formate, methylal, or
acetone (boiling points: 31.8°C, 42°C, and 56°C, respectively). *p < 0.05 compared to
control foam (n=3). (b) SEM micrographs (taken at 35X magnification and 10kV) showing
pore morphology and interconnectivity of HDI foams (control and 1 mL, 2 mL, and 3 mL
of each physical blowing agent). Scale bar applies to all images.
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Figure 4. Comparisons of HDI and TMHDI-based foams. (a) SEM micrographs (taken at
35X magnification and 10kV) showing pore morphology and interconnectivity of HDI and
TMHDI foams (control and 2 mL physical blowing agent). Scale bar applies to all images.
(b) Average pore size of control foams and foams synthesized with 2 mL blowing agent
in HDI and TMHDI foams. *p < 0.05 compared to control foam (n=3).
3.1.3 Pore Interconnectivity
Interconnectivity within each foam formulation varied greatly due to the nature of
gas foaming and based on the direction of blowing. For example, when evaluating pores
in the 3 mL methyl formate foam parallel to the foam rise direction, there were more
interconnects towards the top of the foam and fewer near the bottom. However, the
opposite trend was seen perpendicular to the foam rise, in which more interconnects
were present near the bottom of the foam and fewer at the top (Figure 5a and 5b). For
all physical blowing agents, increasing the solvent quantity resulted in higher
interconnectivity, as seen by more “pinholes” within the pores (Figure 3b and 4a),
especially compared to the control, which did not contain any interconnects. The
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average percent interconnectivity and the number of pores containing interconnects
were higher as more solvent was added, with the exception of the 3 mL acetone
formulation (Figure 6a and 6c). In foams synthesized with 2 mL of physical blowing
agents, the TMHDI foams generally had a higher average percent interconnectivity
(Figure 6b) and more pores with interconnects (Figure 6d) when compared with
corollary HDI foams and with control TMHDI foams. This result can be visualized in
SEM images in Figure 4a.

Figure 5. (a) Interconnectivity throughout the HDI foam containing 3 mL methyl formate,
comparing differences in the top, middle, and bottom of the foam parallel and
perpendicular to the foam rise direction. (b) SEM micrographs showing representative
levels of interconnectivity throughout the macroscale, bulk 3 mL methyl formate foam.
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Figure 6. Foam interconnectivity. Average percent interconnectivity of (a) all HDI foams
and (b) HDI and TMHDI foams with 2 mL blowing agent. Percent of pores within each
foam that contain interconnects among (c) all HDI foams and (b) HDI and TMHDI foams
with 2 mL blowing agent. *p < 0.05 compared to HDI control, **p < 0.05 compared to
TMHDI control (n=3).
3.2 Thermal Properties
HDI control foams had a target glass transition temperature (Tg) of 50°C, which
allows for stable storage in the secondary shape in dry conditions. It was expected that
the Tg of foams synthesized with physical blowing agents would be comparable to that
of the control, since the blowing agents should not significantly affect network formation.
However, incorporation of the physical blowing agents into the foam affected the dry Tg
(Figure 7a). Namely, adding 1 mL of physical blowing agent generally increased Tg,
with general decreases in Tg as physical blowing agent volume was increased. There
were no statistically significant differences among the wet Tg for any of the foams
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(Figure 7b). The chemical composition of the foam was not greatly changed, as
confirmed using FTIR spectra to assess possible urea formation (Figure 7c), a factor
that could increase Tg by increasing the number of hydrogen bonding sites (Figure 7d).
There were some small increases in the relative absorbance values at 1640 cm-1, which
corresponds with the carbonyl of the urea, in the foams with physical blowing agents,
but no clear trends between urea peak height and Tg were observed. TMHDI foams
generally had a higher Tg compared to corollary HDI foams in both dry and wet
conditions, with increased Tg measured in TMHDI foams synthesized with physical
blowing agents, aside from the plasticized 2 mL methyl formate foams.

Figure 7. Thermal and chemical properties of synthesized foams. (a) Dry and (b) wet
glass transition temperature (Tg) of each foam. *p < 0.05 compared to HDI control, **p <
0.05 compared to TMHDI control (n=3). (c) FTIR spectra of HDI control foams compared
to foams containing 1 mL of acetone, methylal, and methyl formate. (d) Urea formation
from reaction between isocyanates and amines. Minimal differences in the urea shoulder
peak in the FTIR spectra at ~1640 cm-1 (absorbance values: 0.122 (Control), 0.129
(methyl formate), 0.144 (methylal), 0.151 (acetone)) indicates that chemical compositions
of synthesized foams are similar.
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3.3 Shape Memory Behavior
All foams have shape fixity >80% measured 24 hours post-crimping (Figure 8).
The expansion profiles of crimped foams were plotted as percent volume recovery over
time to demonstrate shape memory behavior in a fluid (water) at body temperature
(37°C). The HDI control foam expanded to ~95% of its original, uncrimped volume
within 9-10 minutes. The 1 mL blowing agent foams underwent less volume recovery
than the 2 mL and 3 mL foams, which all experienced ~100% volume recovery within 5
minutes (Figure 8a-c). The greater volume expansion could be a result of higher pore
interconnectivity in the 2 mL and 3 mL formulations, which increases surface area and
water access to the polymer network. Amongst the TMHDI foams, the control and 2 mL
acetone foam both expanded to 100% in 10 minutes, whereas 2 mL methyl formate and
methylal only recovered ~80-90% within the 10-minute study (Figure 8d).
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Figure 8. Shape memory behavior (shape fixity and shape recovery) of all foams. Volume
expansion profiles of crimped foams in a 37°C water bath over 10 minutes demonstrating
shape memory effect of HDI foams with (a) methyl formate, (b) methylal, and (c) acetone
and of (d) TMHDI foams with each blowing agent. Shape fixity (%) of each sample 24
hours post-crimping, provided in figure legends. Mean ± standard deviation displayed
(n=3).
3.4 Cell Interactions
HDI control foams and foams synthesized with methyl formate were assessed for
cytotoxicity. All foams were cytocompatible with cell viability >97% over to 24 hours. HDI
control and 1 mL methyl formate foams had higher average cell attachment compared
to foams synthesized with 2 and 3 mL of methyl formate (Figure 9a). However, 1 mL
and 2 mL methyl formate had the highest cell spreading (Figure 9b and 9c) and all
methyl formate foams had 2-3X cell spreading in comparison with controls. None of
these differences were statistically significant.
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Figure 9. Cell interactions with HDI control and methyl formate (MF) foams. (a) Average
number of cells attached to foams after 24 hours and (b) average spreading of attached
cells (n=3). (c) Brightfield and fluorescent overlay images of cell attachment to foams.
Scale bar applies to all images.
3.5 Blood Interactions
Lower absorbance values are indicative of fewer RBCs in the lysate,
demonstrating increased clotting. Absorbance decreased in all samples from 0 to 12
minutes, indicating that the clot was still forming (Figure 10a). By 18 minutes, the
absorbance plateaued, demonstrating complete thrombus formation occurred between
the 12- and 18-minute incubation period. No differences were observed in clotting
behaviors between the four tested foam formulations. All foams had high platelet
attachment, aggregation, and activation (protrusions from the platelet surfaces), as
visualized using SEM (Figure 10b). The 2 mL and 3 mL methyl formate foams induced
thrombus formation within 1 hour of incubation in whole blood, demonstrated by the
platelet aggregate fusion on the sample surfaces.
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Figure 10. Blood-material interactions of HDI control and methyl formate (MF) foams. (a)
Coagulation profiles in terms of absorbance of free red blood cells (RBCs) in the lysate
taken of samples incubated in blood for 0, 6, 12, and 18 minutes (n=4). (b) Platelet
interactions with foams after 1 hour incubation in whole blood. SEM images taken at 15kV
and 1000X or 5000X magnification. Scale bar applies to all images in a column.
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4. Discussion
4.1 Foam Physical Properties
Water as a chemical blowing agent produces CO2 upon reacting with
isocyanates, enabling pore formation in the control foams,[24] and is an acceptable
blowing agent according to the EPA.[37] Physical blowing agents do not react with the
foam components, but rather boil/vaporize during heating while foaming; the bubbles
they produce while boiling contribute to pore formation. Whether or not a blowing agent
is considered acceptable by the EPA depends on their ozone depletion potential (ODP).
All solvents selected for use as physical blowing agents in this study have essentially 0
ODP, making them acceptable compared to other alternative blowing agents, such as
Enovate, which has a higher ODP. Furthermore, Enovate is only available through a
single supplier. Thus, reliable production of foams using Enovate relies upon that
supplier, which is risky when scaling up for commercial use. The three solvents used
here are widely available for purchase from multiple sellers, providing a more accessible
option for tuning foam properties.

It is essential in gas foaming that the rate of gelling and blowing are matched to
produce the desired porous architecture.[39], [40] In general, as blowing rate increases
relative to gelling, the resulting pores are smaller because the gas escapes faster. If
blowing is too fast, the foam will initially form, but eventually collapse, because the gas
escapes before gelling has proceeded, leaving an unstable polymer network. A blowing
process that is too slow relative to gelling can result in bubbles that coalesce, causing
large air pockets to form in the foam from too much trapped gas.[41] Here, we held the
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gelling rate constant and tuned the blowing rate by varying solvent volume. This
process generally allowed for smaller pores and more interconnects with increased
solvent volume because of the increased blowing that occurred. This result is consistent
with the findings presented by Rostami et al, where increasing the concentration of
foaming agent (chemical or physical) resulted in smaller pores that were finer and more
uniform.[42] In general, all three blowing agents tested here enable pore
interconnectivity during foam blowing to reduce the need for post-processing to achieve
interconnects.

The ability of the solvent to move through the foam primarily depends on the
boiling point; a higher boiling point slows vaporization and makes it more difficult to
contribute to pore formation. Here, we set our foaming reaction at 50°C. Methyl formate
has the lowest boiling point of the three solvents (Table 2), which correlates with the
highest percent interconnectivity measurements in the 3 mL methyl formate foams.
Acetone, on the other hand, has the highest boiling point, making it difficult for the
solvent to uniformly penetrate the foam during gelling. The slower boiling rate could
explain why increasing the acetone volume from 2 to 3 mL did not affect pore
interconnectivity in the same way that was observed with the other two solvents.

When considering expanded foam densities, methyl formate foams correlate with
the pore interconnectivity results; namely, density decreased with increased pore
interconnectivity as methyl formate volume was increased. This relationship between
density and pore interconnectivity is consistent with previous reports on open-porous,
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low-density PU foams.[43] The corollary crimped densities increased with methyl
formate content, indicating that increased crimping and shape fixity occurred in these
foams, which again is expected based on increased free volume in the open pore
structure. The methylal foams had the opposite trends: increased expanded foam
density and decreased crimped foam density with increasing blowing agent content.
There is less variation in the methylal foam interconnectivity; thus, methylal offers an
option to tune pore sizes independently of interconnectivity. There is no clear trend in
the acetone foam densities, which is attributed to decreased pore sizes with increased
acetone content while interconnectivity is constant after 2 mL of acetone addition and is
likely due to slower acetone boiling during foaming.

The general decrease in pore size and increase in interconnectivity that is
present among the TMHDI foams shows that incorporation of physical blowing agents
can have different effects depending on the polymer network chemistry, which is based
on the diisocyanate here. The three additional methyl groups on TMHDI make it more
hydrophobic [44] compared to HDI (Table 2) which reduces pore size. Again, the use of
varied physical blowing agents enables tuning of TMHDI foam pore size and structure.

4.2 Foam Thermal and Shape Memory Properties
The measured alterations in Tg with the addition of physical blowing agents was
not expected, as their inclusion should not affect the foam chemical structure. There are
no clear chemical differences in the foams based on FTIR spectra; thus, we
hypothesize that the addition of physical blowing agents may have simply altered
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interactions between the NCO premix, water, and OH monomers during foaming to alter
chain conformations and/or nanoscale density. Both methyl formate and acetone
addition produced clear trends, with an initial increase in Tg followed by a steady
decrease as solvent volume was increased. Methylal addition resulted is less variability
in Tg in comparison with the other two blowing agents, enabling tuning of pore size
independently of Tg.

Good shape fixity is required to store foams in their secondary, compressed
shape before delivering to the wound site. All foams had >80% fixity 24 hours postcrimping, with all physical blowing agent foam except for 2 mL methylal having higher
fixity than the HDI control foam (83 ± 12%). TMHDI foams had better fixity overall, which
could be a result of their higher hydrophobicity that reduces moisture in the air from
interacting with hydrogen bonds in foams. Nonetheless, there were no statistically
significant differences in shape fixity across the formulations.

Volume recovery profiles correlated closely with pore interconnectivity results in
the HDI foams; in general, increased interconnectivity resulted in faster and more
complete volume expansion. This result was expected, as increased pore openings
allow for faster water access. Water acts as a plasticizer in this system, reducing the Tg
by displacing hydrogen bonds between chains. Thus, increased water access results in
faster shape recovery. The simple addition of physical blowing agents enables tuning
the shape memory properties via pore opening to provide a single material chemistry
with a range of recovery rates that could be matched to application needs.
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When comparing TMDHI foams to HDI foams, the bulky methyl groups on
TMHDI reduce flexibility and result in a slightly higher Tg.[44] Additionally, there was
less variability with the addition of physical blowing agents in TMHDI foams; only the
methyl formate foam had a significantly higher Tg compared with the TMHDI control.
Despite the reduced effects on Tg, methyl formate and methylal addition slowed TMHDI
foam volume recovery. These foams had slightly higher Tg’s in the dry and wet states,
with reduced water plasticization and slower expansion in 37°C water.

In general, acetone, methyl formate, and methylal are all viable options for
readily available, EPA-accepted physical blowing agents for PU SMP foaming. Tailoring
the solvent quantity allows for facile control over pore interconnectivity without the need
for post-processing. Within the three solvents, methyl formate provided the maximum
range of pore opening (1.4-10.8% as methyl formate volume was increased from 1 to 3
mL); thus, methyl formate foams were selected for further characterization to evaluate
the effects of pore structure on cell and blood interactions.

4.3 Cell and Blood Interactions
Cell viability above 70% is necessary to meet the ISO 10993 standard for
cytocompatibility.[45] All foam samples had >97% cell viability after 24 hours of
exposure, confirming cytocompatibility. Furthermore, cells attached well to each of the
foams, with higher cell numbers on the control and 1 mL methyl formate formulations.
These two foams had comparable pore size, providing similar surface areas for
attachment. When overlaying the Brightfield image of the foam with the fluorescent
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image of attached cells, it can be seen that the majority of cells attached to the pore
walls rather than the struts between pores. The foams with 2 mL and 3 mL methyl
formate have a lower pore size and more interconnects in each pore, reducing the
surface area available for attachment in the thin foam slices used in this study and
forcing cells to localize on the struts.

The control and 1 mL methyl formate foams had the lowest absorbance at the 6minute time point among all foams, reaching a plateau with less measurement
variations more quickly, implying that coagulation proceeded more quickly in these
foams. This result could be an effect of the larger pore size of these two foams allowing
more blood to initially penetrate the foam network more easily, resulting in quicker
clotting. All foams had complete thrombus formation by 12 minutes.

All foams promoted platelet attachment, aggregation, and activation. Additionally,
evidence of thrombus formation was visualized on the 2 mL and 3 mL methyl formate
foams after 1 hour of incubation in anticoagulated blood. This result could be an effect
of the increased interconnectivity of these foams, allowing for further clotting after initial
penetration of blood. It is possible that more dynamic measurements of coagulation
under blood flow would produce different results from the static studies that we
performed here, as the more open 2 mL and 3 mL methyl formate foams would allow for
increased blood interactions throughout the foam bulk. Thus, future work will focus on
evaluating the effects of pore structure on clotting in more complex models. Overall,
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these results demonstrate that cell and blood interactions can be tuned with varied pore
architectures, which can be achieved with the addition of physical blowing agents.
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5. Conclusion
Incorporation of physical blowing agents during synthesis is a simple additional
step in the foaming process that resulted in an increase in interconnected pores,
especially when added in higher volumes. Moreover, adding physical blowing agents
and increasing foam interconnectivity can be used to tune the thermal and shape
memory properties of the foams. Both interconnectivity and pore size influenced cell
and blood interactions with the foams, justifying the need to be able to tune both
properties for tissue engineering and hemostatic applications, respectively. Overall,
pore structure was easily tuned in a manner that meets EPA guidelines, providing a
safe, effective method for synthesizing interconnected porous PU foams with readilyavailable, off-the-shelf components.
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Syracuse University Biomedical and Chemical Engineering Department, April 2021
Provost’s Award for Undergraduate Contributions to Human Values
Syracuse University, March 2021
MENTORING and TEACHING
Graduate Teaching Assistant
Biomaterials and Medical Devices, January 2022 – May 2022
Research Mentor
Grace Haas, Summer 2021 – Present
Academic Excellence Workshop Facilitator
Calculus II, August 2018 – May 2019
LEADERSHIP and SERVICE
Alpha Omega Epsilon: Professional STEM Sorority, 2018 – Present
Executive Board – Membership Educator, Syracuse Zeta Chapter, Fall 2019
• Instructed new members on the values, mission, and history of Alpha Omega Epsilon
through weekly meetings
• Managed all new member trainings and organized a new sister retreat
Relay for Life, 2013 – 2021
Activities and Events Chair, Syracuse University Annual Relay, 2017-2020
• Coordinated all activities and organized 10+ entertainment groups for the annual SU
Relay for Life event to raise money for the American Cancer Society
• Participated in weekly meetings to discuss event logistics and plan university-wide
fundraisers
Excelerators, 2017 – 2021
• Assisted with recruitment events for the College of Engineering and Computer Science
by helping lead tours, student panels, and virtual Q&As for prospective students
MEMBERSHIP
Society for Biomaterials
Order of the Engineer
Tau Beta Pi – Engineering Honor Society, NY Beta Chapter
Engineering World Health

2021 – Present
2021 – Present
2020 – Present
2017 – Present
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